We study the dynamics of neutral cold atoms in an L-shaped crossed-beam optical waveguide formed by two perpendicular red-detuned lasers of different intensities and a blue-detuned laser at the corner. Complemented with a vibrational cooling process this setting works as a one-way device or "atom diode".
I. INTRODUCTION
Controlling the microscopic motion of atoms in gas phase is one of the main goals of atomic physics and atom optics for fundamental studies and for applications such as metrology, precise spectroscopy, the atom laser, or quantum information. Different control objectives have been achieved with optical and/or magnetic fields during the last two decades. The phase-space domain of the atom can be restricted by different traps, and the location manipulated by optical tweezers. The modulus of the velocity and its spread have been controlled as well by several stopping or cooling techniques, and its direction by magnetic waveguides combined into atom chips and integrated circuits [1] , or by optical waveguides [2] [3] [4] [5] . The implementation of complex geometries for atom transport is a challenging objective that may open the way to new interferometers and integrated quantum information processing [1] . In particular waveguide bends are basic elements that have been investigated experimentally and theoretically [6] [7] [8] [9] [10] .
Aside from modulus and direction, the control of the remaining element of the atom velocity as a vector, its sense or orientation (say to the right or left for a given direction), has been undertaken much more recently with theoretical proposals and experimental prototypes of atomic one-way barriers or "atom diodes" [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . They are analogous to a semipermeable membrane or a valve, which let the atoms cross it one way (forward) and block their passage in the other one (backward). A conceptual precedent is the automated demon conceived long ago by Maxwell to achieve a differential of pressure between two parts of a vessel and demonstrate the statistical character of entropy [14] . Maxwell only specified the demon's action, not its inner workings, whereas, more than one century later we are beginning to design and realize such devices. Applications that have motivated so far this research are the possibility to cool species without cyclic transitions [16, 22] , or the construction of trapdoors and flow control in atomic chips and circuits [11] . The existing methods are essentially one-dimensional (the controlled sense corresponds to a longitudinal or a radial velocity). A basic scheme consists on setting a barrier in one atomic level, e.g. the ground one. On one side of the barrier, say the left, the atom is excited adiabatically so as to avoid the ground state barrier. Adiabaticity is useful to make the transfer efficient and velocity independent in a broad range and to avoid the passage from the upper to lower level for atoms that approach the diode from the left [12] . On the other side of the barrier the excited state is forced to decay so that an atom coming from the right is reflected by the barrier. One possible variant is to substitute the adiabatic step by optical pumping. It is also velocity independent in a broad range and precludes forced deexcitation on the wrong side. An irreversible step, which ideally may be reduced to the emission of one-photon, is essential to break time-reversal invariance, a necessary condition to realize a true one-way barrier. Any atom diode has of course certain limitations with respect to velocity working range, efficiency, width of the structure, or species and states that can be treated. For example, in a two-laser, optical prototype for Rubidium [20, 23] , the barrier produced some undesired heating because the internal hyperfine structure used does not allow for a sufficiently large detuning; the use of magnetic sublevels may avoid this effect but at the price of loosing many atoms because of the branching ratios during optical pumping [16] . While these limitations may or not be relevant depending on the intended application, it is desirable to investigate other mechanisms, surely subjected to different constraints.
In this paper we investigate two aspects of cold atom guiding and their possible combination into a single device: bends in L-shaped asymmetric guides and oneway motion. Most previous studies of bent waveguides have focused on magnetic implementations and symmetrical arms [6, [8] [9] [10] ; X-shaped optical waveguides have been investigated as beam splitters for interferometry [2, 24, 25 ]. An experimental realization of an Xshaped asymmetrical beam splitter, with different potential depths in the two guides, has been also carried out [26] . We shall study here an optical, asymmetric realization of an L-shaped bend and determine the transfer between longitudinal, gap, and transverse energies. In addition, when combined with vibrational cooling the L-shaped guide provides a 2D one-way mechanism for one-way motion.
II. SIMPLE OPTICAL WAVEGUIDE MODEL
The proposed device consists of three horizontal Gaussian laser beams (see Fig. 1 ). Two of them are detuned to the red with respect to a transition between the atomic levels g, e and play the role of waveguides for the ground state atoms along the x and y axes. We shall perform 2D simulations corresponding to a tight confinement in z (vertical) direction, ignored hereafter, by an optical lattice. We have simplified the corresponding potentials neglecting the dependence with the longitudinal coordinate,Ũ (x, y) = −U e 
(w and w ′ are the waists.) This is reasonable within the Rayleigh length. It is as well a simplified treatment for combined magneto-optic waveguides [3] in which the longitudinal potential dependence is essentially suppressed by cancellation between a repulsive magnetic potential and an attractive optical potential. Note that the assumed asymmetry in intensities creates "upper" and "lower" valleys in the potential energy surface.
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A third laser, detuned to the blue, forms a barrier to redirect the atoms from the upper to the lower valleys blocking the passage to the red detuned arms along the positive-x and positive-y semiaxes. This laser is displaced slightly away from the coordinate origin and it is rotated 1 "Upper" and "lower" refer to the energy, not to a relative spatial height. Quantities such as energies, velocities or momenta associated with the upper/lower valley will be umprimmed/primmed.
an angle θ clockwise with respect to the y-axis, more on this below. The corresponding potential is
We shall study the atom dynamics with quantum approaches (wavepackets and stationary methods), and with classical trajectories too since they provide a rather accurate description -in particular when an average over the transverse phase is performed-in a much shorter computation time than the quantum simulations. For a given incident longitudinal energy and vibrational state we do not perform "Ehrenfest" (one trajectory) classical simulations [10] , but ensemble averages over all possible phases of transverse motion to avoid the sensitivity of classical trajectories with respect to the phase and better mimic the quantum results. The details are given in Appendix A. We assume that there is no significant interference among the three beams so their potentials simply add up. This may be achieved e.g. by orthogonal polarizations of the red detuned lasers and/or different detunings that cause a fast time-dependent interference that averages out in the scale of the atomic motion [27] .
In wavepacket computations, see Appendix B for numerical details, we assume that the wave function of the initial state factorizes into longitudinal and transversal functions,
For atoms incident in the upper channel the initial transverse wave function Φ(y, 0) will be the ground state of the Gaussian potential, Eq. (1), which is calculated numerically by diagonalization of the Hamiltonian. In the longitudinal direction we choose a minimal uncertaintyproduct Gaussian,
where σ x is the width of the wavepacket and x i and p i the initial position and average longitudinal momentum respectively. For atoms incident from the lower channel a corresponding approach is used interchanging x and y.
III. FORWARD MOTION: PASSAGE FROM THE UPPER TO THE LOWER VALLEY
We shall discuss first the main factors that determine the passage of atoms from the upper valley, incident in the ground vibrational state, to the lower valley. All calculations are done for the mass of 87 Rb atoms. The barrier position. If the barrier is too far from the crossing point of the waveguides, a well is formed due to the addition of the upper and lower valley potentials, Eq. (1) reflection back into the upper valley. Displacing the blue detuned laser nearer to the origin the well is filled and the chaotic behavior and reflection are avoided. The wall should not be too close to the crossing though, as it would obstruct the upper valley and thus the atom passage, as in Fig. 2a . Between the two extremes there is a range of distances for which the well is suppressed without obstructing the upper valley, see Fig. 2c . Representative classical trajectories for the three cases are depicted in Fig. 2 . Barrier angle. Remarkably, the probability to pass from the upper to the lower valley shows a stable fulltransmission plateau for a broad range of angles θ. This is shown in Fig. 3 for wavepacket and classical trajectory calculations. The optimal choice of angle depends on its effect on energy transfer among longitudinal and transverse degrees of freedom, as discussed next.
Vibrational excitation. If the atom passes to the lower valley, the asymmetric potential configuration favors its vibrational excitation (or "transverse heating"). For a transition from the ground state of the upper valley (n = 0) to the n ′ vibrational state of the lower valley (0 → n ′ for short) conservation of energy, measured from the bottom of the lower valley, takes the form
where ∆ = U ′ − U is the gap between valleys, K, K ′ are the upper and lower kinetic energies, and V 0 , V n ′ the corresponding vibrational energies (measured from the bottom of each valley). Fig. 4 shows the (lower valley) average vibrational energy V ′ versus the incident K for several cases. Even for K ≈ 0 the process is highly non-adiabatic (a simple 1D adiabatic treatment as in [7] is therefore not valid here), and a significant fraction of the potential energy gap is converted into vibrational energy. As K increases, the trajectories penetrate more on the reflecting blue wall so that the outgoing trajectories are further away from the bottom of the lower valley and vibrational excitation increases. The average V ′ is essentially linear in K, at variance with a quadratic dependence found for circular bends [6] . At the bottom of the lower valley the kinetic energy of a classical trajectory equals the total energy K + ∆ + V 0 (measured from the bottom of the lower valley). It may be split into x and y components taking into account the angle α of the velocity with the y axis. The x-component is the final vibrational energy and it takes the form
but α is roughly constant for a given set of potential parameters because of the relative flatness of the impact region at the waveguide corner. This region results from the combination of the dominant lower valley and barrier potentials. Most lines in Fig. 4 are for classical-trajectory computations but we have also checked the good agreement with a fully quantum calculation in one case. To do so we have extracted the quantum, stationary (fixed energy) stateto-state transition probabilities 0 → n ′ , (q n ′ /p)|T 0n ′ (p)| 2 , from wavepacket calculations as explained in the Appendix B. Here q n ′ is the longitudinal momentum in the lower valley for the vibrational state n ′ and T 0n ′ (p) the transmission amplitude for incident longitudinal momentum p = √ 2mK. In Fig. 5 we show the dependence of the quantum transmission probabilities versus the initial velocity. Note again, now in more detail, the increase of vibrational excitation with p. For sufficiently large energy this leads to escape from the trap. Fig. 6a shows the total transmission probability
′ being the maximal vibrational number in the lower valley. Note the good agreement between the quantum and classical calculations. P T is very stable, and only decays from one due to escape from the waveguide caused by the increasing transverse heating. In principle the energy threshold for escape is, from conservation of energy, Fig. 6a ), but the effective threshold occurs at higher energies, when V ′ ≈ U ′ , since the available initial total energy is transferred only partly into vibrational energy V ′ ; a sign of the escape is the coincidence of decay of P T with the population of the highest vibrational level (N ′ = 40 for the chosen parameters). The velocity range for full forward transmission may be increased at will, according to Eq. (7), by increasing the gap ∆, an example is shown below.
A second effect that may spoil the forward passage is the possibility to overcome the barrier when K + V 0 > U b (we neglect here the lower valley potential). This threshold is higher than the former, and is marked by a • .
The potential asymmetry causes an asymmetry in the dynamics since, in general, for the same total energy, the probabilities P 0 ′ →n (E) and P 0→n ′ (E) are quite different. This is compatible with time reversal invariance, which implies only the equality for probabilities of a process and the time reversed one. P n→n ′ (E) = P n ′ →n (E) holds as long as no irreversible step takes place (that case will be considered in the following section). The nature of the stated asymmetry can be understood from the potential contour in Fig. 2c , or the 3D plot in Fig. 1 . Even when the passage n ′ = 0 → n = 0 (0 ′ → 0 for short) is energetically allowed, a vibrationally unexcited atom does not find easily the lateral gate to the upper valley so, for a range of energies above the energy threshold (dashed vertical line in Figs. 6b and 8b) , the atom is still reflected into the lower valley. This may be seen in Figs. 6b and  8b , where the reflection probability is shown for states beginning in the fundamental vibrational state n ′ = 0 of the lower valley for θ = 45
• and θ = 60
• . The dynamical reflection is enhanced by increasing the angle θ so that the backward collision is more head-on, but increasing it too much may obstruct the passage in the forward direction at low velocities. Above the energies with full reflection, the atom with backward incidence may escape from the guides, when V n ′ + K ′ > U ′ , or surmount the potential barrier when V n ′ + K ′ > U b (in this inequality we neglect the small effect of the upper valley potential). The corresponding energy thresholds for these processes are marked by solid and dotted lines in Figs. 6b and 8b but, as for forward motion, the effective thresholds occur at higher velocities. • .
V. DIODE EFFECT
The stable plateaus for full transmission and reflection and the asymmetry for forward and backward motion from the ground transverse states are prerequisites for a diode but not enough. A diodic or "one-way" barrier effect is achieved by complementing these features with vibrational cooling in a region of the lower valley. Several cooling mechanisms have been demonstrated or proposed for neutral atoms in tight traps: Tuchendler et al. [28] have cooled single 87 Rb atoms in the tight-confining directions of a strongly focused dipole trap with optical molasses; Sideband cooling has been demonstrated for alkali-earth atoms [29] using a "magic weavelenth" lightshift compensating technique [30] , and for Cs atoms by means of 2-photon Raman transitions in 1D [31] , 2D [32] , and 3D [33] far-detuned optical lattices; rf-induced Sisyphus cooling has been also realized for 87 Rb [34] .
We shall not model in detail any of these methods here but simply assume that vibrational cooling is performed on the atoms that have been heated transversely in the forward passage and analyze the consequences for backward motion. In the ideal case of cooling down to the ground state, n ′ → 0 ′ , keeping the same kinetic energy K ′ , the backward passage to the upper valley is energetically forbidden if K ′ + V 0 ′ < V 0 + ∆, or using Eq. (6) and
In fact it will not occur even at higher kinetic energies because of the 2D reflection effect described in the previous section. To determine if backward reflection is possible for a given incident K, we need the forward transmission and backward reflection velocity intervals of Figs. 6a,b or 8a,b (this has been combined in Figs. 6c and 8c , where the reflection information is represented by 1 − P R ), and the dependence V ′ (K). After (perfect) vibrational cooling the backwards energy is
We may now check the value of P R (0 ′ ) for this energy to see if the atoms are reflected back into the lower valley. We have done this for the edge points of the totaltransmission interval and the result is represented by the arrows in Figs. 6c and 8c. Note that for the 45
• case in Fig. 6c , the high velocity edge of full forward transmission does not correspond to backward reflection. This may be remedied by increasing the range of full reflection with a larger θ angle. For a lower valley as deep as the trap in [28] and θ = 60
• , see Fig. 8c , a broad stable operating range for diodic behaviour is achieved, where the full range of forward passage corresponds, after transverse cooling, to full reflection in the backward direction.
VI. CONCLUSIONS
Guided atom lasers in the ground state of the transverse confinement have been recently realized [3] [4] [5] and more complicated settings are being considered, in particular with crossed beams, following similar developments in magnetic waveguides that may pave the way to new interferometers, atom integrated circuits and analogs of electronic devices [35, 36] .
In this work we have explored a realization of straight angle bends in asymmetrical optical waveguides for cold atoms, with two red and one blue detuned lasers, as well as the possibility to use the transverse heating caused by this geometry, combined with vibrational cooling, to implement a diodic (one-way) device. Indeed the transmission and reflection probabilities of the proposed structure offer the stability with respect to incident velocity required for an efficient diode. The different elements of the proposed device have been already implemented separately, and the remaining technical challenge is their combination into a single device.
Discretization and experimental setting
The validity of the discretization approximation requires [37, 38] 
where Q x is a quality factor which takes into account the number of the lattice points that represent the wave function in coordinate and momentum representations, L x and n x are the lattice length, and the number of divisions, and dx and dt are the space and time steps. ∆x and p m are the minimal spatial dispersion (usually the one at t = 0) and the maximum momentum value. Finally U max is the maximum potential energy and K max is the maximum kinetic energy during the simulation,
2m . For the y-direction we have similar conditions. In all calculations we set Q ≥ 15. Other parameters are n x = n y = 4096.
Stationary transmission amplitudes from wavepacket computations
We write the transmitted wavepacket state as Ψ T (x, y, t) = where p is the incident, longitudinal momentum of the atoms in the upper valley,
is the longitudinal momentum for the vibrational state n ′ , v n ′ (x) = x|v n ′ is the amplitude of a lower valley vibrational state and φ(p) = p|ψ(x, 0) is the initial momentum distribution of the wave function given by Eq. (5) . Finally the transmitted wave function is projected onto one particular eigenstate v n ′ (x), v n ′ |Ψ T (x, y, t) = 1 √ h ∞ −∞ dp T 0n ′ (p)φ(p)
Defining the inverse Fourier transform as
and integrating Eq. (B7) with respect to time from −∞ to ∞ (In practice t = 0 plays the role of t = −∞, whereas t = ∞ is approximated by the time when the tails of the transmitted wave function are not affected by the barrier.), we obtain
(B9) Its modulus squared times q n ′ /p gives the transmittance (transmission probability) from the ground state of the upper channel to the n ′ th-vibrational level of the lower guide.
